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D scrlption 

BACKGROUND OF THE INVENTION 

The present invention relates generally to motor 
control and deals more specifically with apparatus and 
a related method to compensate for torque ripple in a 
permanent magnet electric motor. 

The use of a permanent magnet motor is generally 
well known with typical motor system applications in- 
cluding a combination of a permanent magnet alternator 
and an inverter drive whose output driving signal is syn- 
chronized to the toior position. Such a motor is known 
in the art as a brushless DC drive motor and its config- 
uration is somewhat similar to a conventional commu- 
tator type DC motor having a separately excited field 
winding. It is also known to excite the motor with an in- 
verter drive output signal having a simple rectangular 
pulse waveform to cause the motor to operate at a 
speed which is substantially proportional to the magni- 
tude of the DC voltage from which the inverter operates. 
The torque produced will be generally proportional to the 
DC current. It is further known to excite the motor with 
a pulse width modulated (PWM) inverter drive voltage 
to replicate the performance of a variable DC voltage 
driven motor. 

The class of conventional brushless DC motors 
have advantages and disadvantages compared to the 
conventional commutator type DC electric motor, partic- 
ularly when comparing the torque ripple and noise is that 
is generated. The conventional brushless DC motor pro- 
duces large torque ripple which is due primarily to the 
relatively small number of phases driving the electric 
motor compared to the relatively large number of com- 
mutator bars on a conventional commutator type DC 
electric motor. The noise produced by a conventional 
brushless DC electric motor tends to be high as a result 
of the high torque ripple and also due to the relatively 
quick transitions of the phase commutation and pulse 
width modulation (PWM) steps in the driving voltage 
waveform. 

It is desirable to reduce the torque ripple and noise 
generated by an electric motor particularly in applica- 
tions wherein generated noise is of a great concern. 
Such an application might be for example, the propul- 
sion of an undersea vehicle. Of particular importance as 
a source of noise is torque ripple which has a direct and 
difficult to interrupt path for transmission to the water 
through which the undersea vehicle passes. 

One known approach to reduce torque ripple and 
noise in a brushless DC motor is to create a field flux 
and an armature current both of which are distributed 
approximately as a sinusoidal function of an angle and 
to then operate the inverter drive and filter the output of 
the drive in such a way to create an applied drive voltage 
which is substantially a sinusoidal function of time. The 
performance of a brushless DC motor approximates that 
of a AC electric motor with this approach. Although the 



torque ripple and noise are reduced, the approach is 
generally unsatisfactory due to the increase in size of 
the electric motor and the reduction in the power output 
achieved. In addition, the above method to reduce 
5 torque ripple and noise is somewhat limited due to the 
difficulty, complexity and often inability to approximate 
the desired waveforms. 

'JP-A-61 203885 discoses a motor control system, 
which is designed to improve a torque ripple by storing 
10 a torque constant correction value in response to the 
rotating position of a motor in advance in a control table 
memory. For this purpose, a counter counts a clock sig- 
nal output from a digital tachometer, and outputs an ab- 
solute position signal of the shaft rotation of a DC motor. 
is The output of the counter is used as an adress for ac- 
cessing the control table memory. The memory stores 
the value for correcting the variation of the torque con- 
stant generated by the structure of a motor in a table 
format. The correction value read out from the memory 
20 is compared with a reference value, and output to a con- 
verter. The converter multiplies the drive signal output 
from a servo main circuit by the correction signal and 
outputs a drive analog circuit. This device can only be 
used for a static correction of the expected torque vari- 
es ation. 

JP-A-571 1 3791 discloses a driving device for a DC 
brushless motor, with the purpose to eliminate the 
torque variation of the motor by a method, wherein a 
refernce exciting current value required for the genera- 

30 tion of a desired torque corresponding to the magnet- 
ized status of a rotor from a memory circuit is multiplied 
by a motor control signal and the multiplied value is sup- 
plied to armature coils. The set value of each exiting cur- 
rent corrresponding to the rotating angle of the rotor de- 

35 tected by a shaft encoder is read out from the memory 
circuit. Meanwhile an arithmetic circuit multiplies the ref- 
erence values of the existing currents by a control signal 
value to calculate the magnitude of the exciting currents 
which are proportional to the control signal. Power am- 

40 plifiers perform pulse width modulation for the exciting 
currents in accordance with the digital signal supplied 
from the arithmetic circuit to supply the exciting currents 
to the armature coils. The sum of torques acting to the 
rotor by the controlled exciting currents becomes con- 

45 stant. This device does not permit a fully dynamic cor- 
rection of the torque.' 

It is a general aim therefore of the present invention 
to provide a permanent magnet electric motor and a sol- 
id state power inverter combination to precisely control 

so output torque and to minimize noise generation. 

It is a further aim of the present invention to permit 
the selection of motor magnetics based on high torque 
production rather than minimum noise generation. 
It is a further aim of the present invention to provide 

55 noise reduction by controlling the current waveform driv- 
ing the electric motor. 
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SUMMARY OF THE INVENTION 

(n accordance with the present invention, apparatus 
and a related method for controlling torque and torque 
ripple in a multiple-phase permanent magnet axial-field 
motor is presented. An input current signal representa- 
tive of the electrical current required to excite the motor 
windings to cause the motor to produce a desired torque 
output is provided as an open loop control signal for di- 
rect torque control or as an error signal from some ex- 
ternal control system. A table of values corresponding 
to a compensation factor at each of a number of angular 
shaft positions of the motor is stored in a memory device 
for subsequent retrieval. Each compensation factor de- 
fines for each of the number of angular shaft positions, 
a modifying value to be applied to the input current sig- 
nal to cause the motor to produce a substantially ripple 
free torque output by compensating for ripple contribut- 
ing sources such as for example, noise, cyclical varia- 
tions in load torque dependent on shaft position and oth- 
er systematic variations dependent on shaft position. 

The input current signal as modified in accordance 
with the compensation factor modifying value at each of 
the number of angular shaft positions provides a second 
current command signal. A table of multiplying values 
corresponding to a current amplitude factor at each of 
a number of angular shaft positions of the motor is 
stored in a memory device for subsequent retrieval and 
application to the second current command signal to 
produce a current regulation control signal. 

A driving current for each phase of the motor is gen- 
erated in response to the current regulation control sig- 
nal at each ol the number of angular shaft positions 
whereby the output torque of the motor is at the desired 
magnitude and with a ripple free characteristic. 

The apparatus of the invention is disclosed in claim 

1. 

The method of the invention is disclosed in claim 5. 
Preferred embodiments of the apparatus of the in- 
vention are disclosed in dependent claims 2-4. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other features will become readily 
apparent from the following written description and the 
drawings wherein: 

Fig. 1 is a somewhat schematic functional block di- 
agram illustrating the general method and apparatus of 
the present invention. 

Fig. 2 is a schematic representation of the armature 
windings in a conventional DC brushless motor. 

Fig. 3 is a schematic representation of the armature 
winding in the motor of the present invention. 

Fig. 4 is a waveform showing the back electromag- 
netic force (EMF) of a typical permanent magnet motor 
at a given speed. 

Fig. 5 shows a sinusoidal command current wave- 
form and the computed pulse-by-pulse response wave- 



form of the inverter circuit. 

Fig. 6 shows a torque output waveform correspond- 
ing to the sinusoidal command current control waveform 
of Fig. 5 wherein the torque output exhibits a high torque 
s ripple. 

Fig. 7 shows the sinusoidal command current wave- 
form modified in accordance with the present invention 
and the resultant pulse-by-pulse response waveform of 
the inverter circuit. 
10 Fig. 8 shows a torque output waveform correspond- 
ing to the command current waveform modified as 
shown in Fig. 7 wherein the torque ripple is substantially 
eliminated. 

Fig. 9 illustrates the difference in output power be- 
15 tween the corrected current command signal and sine 
current command signal average output power. 

Fig. 10 is a flowchart illustrating one embodiment of 
the method of the present invention. 

20 DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

To more fully appreciate the features and benefits 
of the control system embodying the present invention 

2S and as illustrated in schematic block diagram form in 
Fig. 1, it is beneficial to take notice of the following in- 
formation. The usua\ normally accepted philosophy in 
the design of an electric motor places great concern and 
consideration to minimize output variations with chang- 

30 es in shaft position . In contrast to normal design consid- 
eration, the present invention permits an electric motor 
to be designed to provide high performance and high 
torque generation with only secondary considerations, 
if any, given to output variations as a function of shaft 

35 position. 

In the present invention, electrical current which is 
injected into the motor from a high bandwidth current 
controller is controlled to achieve the intended output 
torque and also to control the generation of noise 

40 through torque ripple control and other known noise re- 
duction means. 

An electric motor which may be utilized with the 
present invention is preferably of the permanent mag- 
netic alternator type wherein the permanent magnet ma- 

45 teria! is preferably one of the newer rare earth magnet 
materials. The family of rare earth magnets for example, 
neodymium-iron-boron are preferred wherever operat- 
ing temperatures will allow such usage. Alternatively, 
the rare earth magnet, samarium cobalt, for example, 

so can be used over an extended range of temperatures. 
A further feature of the present invention permits the de- 
signer a choice of motor configurations based on the 
unique needs of the motor application. For instance, the 
permanent magnets may be mounted on the rotor or the 

55 stator and additionally the airgap may be oriented with 
either radial or axial flux. 

In choosing an electric motor, a highly desirable fea- 
ture is to utilize a magnetic carrier structure totally ab- 
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sent or devoid of salient ferromagnetic features to sub- 
stantially reduce any components of reluctance torque. 
A motor design devoid of salient ferromagnetic ele- 
ments also reduces unstable magnetic attractive forces 
between the magnetic carrier and the core. Magnetic at- 
tractive forces have been identified as a source of noise, 
either directly as the rotor is pulled from side-to-side or 
indirectly by causing an increase in bearing loading. It 
is further preferred that the permanent magnet portion 
of the magnetic circuit of the electric motor not contain 
ferromagnetic material 

One preferred motor embodiment which provides 
high torque at relatively low top speed is a disc alternator 
type having axially magnetized permanent magnets 
mounted on the rotor. The preferred motor embodiment 
is also known as an axial-flux permanent magnet disc 
motor. The magnetic flux crosses the airgap axially on 
both sides of the rotor leaving a stator on one side of the 
rotor disc and entering a similar stator on the opposite 
side of the rotor disc. In this motor type configuration, 
the magnet carrier is made from non-ferromagnetic 
components and without salient ferromagnetic ele- 
ments which as discussed above provide a significant 
advantage. 

Reference may be made to U.S. Patent No. 
4,443,906 for information relative to the general con- 
struction and operation of an electric motor having a ro- 
tor made of a non-ferromagnetic material and formed 
with radially disposed permanent magnets and a stator 
formed with a radially disposed armature winding 
wherein rotation is imparted to the rotor through excita- 
tion by a 3-phase switching circuit. The coil segments 
comprising the armature winding conduct current at 
right angles to the magnetic field produced by the per- 
manent magnets to effectively vary the electrical current 
throughout the armature winding in order to maintain 
precise phase timing between the electric fields of the 
armature winding and the magnetic fields of the perma- 
nent magnets. Reference may be made to the disclo- 
sure of Patent 4,443,906 for further details and which 
disclosure is hereby incorporated by reference. 

U.S. Patent No. 4,868,477 discloses a method and 
apparatus for controlling torque and torque ripple in a 
variable reluctance motor The present invention utiliz- 
ing an axial -flux permanent magnet disc motor rather 
than the reluctance motor disclosed in the '477 patent 
overcomes a number of problems and disadvantages 
associated with reluctance motors, particularly in appli- 
cations where noise, specifically noise due to torque rip- 
ple, is of prime importance. It is known that the operation 
of a variable reluctance motor requires the variation of 
stator inductance and that any torque ripple compensa- 
tion provided must be imposed based on the fundamen- 
tal angle dependence operation of the motor. For exam- 
ple, exciting a reluctance motor with a square or sinu- 
soidal current waveform causes the motor to produce 
an output torque which is predominantly angle depend- 
ent and the amplitude of the ripple current is on the same 



order of magnitude as the net torque output of the motor 
Accordingly, a reluctance motor inherently has a high 
torque ripple even under ideal or optimized operating 
conditions. While the method and apparatus of the '477 
s patent reduces the torque ripple of the reluctance motor 
utilized, the degree of compensation necessary to re- 
duce or eliminate noise due to torque ripple cannot be 
achieved. 

The magnetics and motor geometry of the axial-flux 
10 permanent magnet disc motor inherently provides a rea- 
sonably smooth torque versus angle characteristic. In 
contrast to the reluctance motor, the axial-flux perma- 
nent magnet disc motor has a relative weak variation of 
stator inductance with rotor position. The rotor magnetic 
is circuit which is comprised substantially by the perma- 
nent magnets behave incrementally like a linear mag- 
netic material with a relative permeability of a approxi- 
mately 1 .09. As stated above, the remaining parts of the 
rotor apart from the magnet are also preferably made of 
a non-ferromagnetic material causing the resulting re- 
luctance torque to be negligible compared to the normal 
operating torque. 

A motor built according to the present invention is 
distinguished from the class of conventional brushless 
DC motors as described above specifically differing in 
the connection among the armature windings and be- 
tween the armature windings and the driving inverters. 
As illustrated schematically in Fig. 2, a representative 
brushless DC motor generally designated 10 includes 
three windings 12, 14, 16 connected in a wye configu- 
ration with respective ends 18, 20 and 22 coupled to an 
associated excitation voltage source, typically Phase A, 
Phase B and Phase C, respectively. The opposite ends 
24, 26, 28 of windings 12, 14 and 16 respectively are 
connected together. As known to those skilled in the art, 
Kirchhoff's current law imposes a relationship among 
the electrical phase currents in the windings and there- 
fore the current in one given winding is dependent upon 
and related to the current in each of the remaining wind- 
ings. In contrast, the current in each motor phase wind- 
ing in the motor of the present invention is controlled 
without reference to or dependence on the other voltage 
phases of the remaining windings. As illustrated in Fig. 
3, a motor generally designated 30 is schematically il- 
lustrated therein wherein motor phase winding 32 has 
respective ends 34,36 available for connection to an as- 
sociated excitation voltage source, typically Phase A 
and its respective neutral, N A . Likewise, motor phase 
winding 38 has its respective ends 40,42 available for 
independent connection to an associated excitation 
voltage source, typically, Phase B and its respective 
neutral N B . A third motor winding 44 likewise has its re- 
spective ends 46,48 available for connection to a third 
excitation voltage source, typically, Phase C and its re- 
spective neutral N c . Each of the motor windings 32, 38, 
44, respectively may be excited or driven from the output 
of a full H-bridge inverter. 

The motor phase windings may also be connected 



25 



30 



35 



40 



45 



50 



4 



7 



EP 0 564 608 B1 



8 



in a star configuration utilizing a low impedance connec- 
tion to the neutral. The source of DC power is two sym- 
metric voltage sources connected in series through a 
low impedance connection to the midpoint. A low imped- 
ance conductor is connected between the midpoint of 
the DC source and the neutral of the star connection of 
the motor phase windings. In such a star configuration, 
each motor phase winding may be fed by a simple 
Halfwave-bridge inverter circuit. 

It is desirable to provide a high performance pulse 
width modulation (PWM) inverter driving circuit at a high 
frequency to minimize PWM ripple amplitude and to per- 
mit rapid response to the rotor current control circuit. 
Normal considerations to minimize inductance and 
switching losses need be taken to enhance overall per- 
formance as in any high frequency circuit design. Appli- 
cants have also found that it is desirable to use IGBT 
(insulated gate bipolar transistors) as the switching ele- 
ments in the inverters. 

In addition to the sources contributing to torque rip- 
ple as stated above, another dominant contributor to 
torque ripple in a permanent magnet motor is the varia- 
tion of the magnetic flux in the airgap as a function of 
shaft position. The variation of the magnetic flux gives 
rise to cyclic variation in the torque coefficient which is 
defined as the torque per unit of current. For example, 
if the windings are driven with a time-invariant current 
while the motor turns, the average torque is proportional 
to the current but the instantaneous torque varies in ac- 
cordance with rotor position. 

An additional contributor to torque ripple is due to 
cogging torque which is developed if the motor has ar- 
mature teeth and is due to the tendency of the perma- 
nent magnets to align with the tooth structure in pre- 
ferred orientations. The cogging torque is generally in- 
dependent of load current in the absence of any non- 
linear effects. However, cogging torque is dependent on 
shaft position. 

The effect on motor torque includes other sources, 
for example, reluctance effects among others. It should 
be noted that the majority of the total variation in torque 
is a repeatable function of rotor position and armature 
current. An additional feature of the present invention is 
to eliminate the cyclic variation of motor torque by de- 
fining the electric current in the motor as a function of 
rotor position without adding to the complexity of the mo- 
tor design. Typically, shaft position feedback is already 
present in the motor system application and which feed- 
back is required for proper timing of switching elements 
in the brushless DC drive. In addition, motor current 
feedback is also generally used in the control of the in- 
verter used to excite the motor windings. In order to elim- 
inate the cyclic variation of motor torque according to 
the present invention, the appropriate functional de- 
pendence of the current command input control to the 
motor must be properly defined and selected, and to be 
practical, an economical, reliable method for obtaining 
the required functional dependence in hardware imple- 



mentation must be available. 

In order to make a proper selection of an appropri- 
ate current driving waveform accounting for current de- 
pendent factors while still achieving commutation re- 

s quires that the command current control for any given 
phase be separated into two distinct or defined parts. 
One part can be considered as a relative current versus 
amplitude function wherein the independent value of the 
function is the rotor position. The second part is the in- 
fo stantaneous global current command which at any giv- 
en instant is the same for all phases. The current control 
signal to each phase of the motor is the product of the 
two component parts. The global command current val- 
ue also serves as the fundamental control input to the 

is motor. The global input command may be used as an 
open-loop torque control because the motor produces 
a torque which is nearly proportional to current. 

An additional feedback loop may be utilized to pro- 
vide speed control or some other controlled function 

20 which acts, for example, to provide maximum torque or 
to eliminate some element of the torque ripple. The fun- 
damental requirement to achieve commutation is met if 
the relative current versus angle function passes 
through (zero) 0 at the locations where the phase con- 

25 ductors pass from pole-to-pole. As long as the relative 
currents follow the position dependent functions as- 
signed to them respectively, the interaction of the mag- 
netic field and armature current will produce a torque 
which is directly proportional to the amplitude of the cur- 

30 rent with position dependent gain. 

In the extreme limitation where interaction of the 
magnetic field and armature current is the only contri- 
bution to torque, variation in the current amplitude in an 
inverse proportion relationship to the gain produces a 

35 constant torque versus angle behavior. The global cur- 
rent command signal required to produce a constant 
torque will be generally more complicated than a simple 
inverse proportion relationship to the torque constant 
when other effects contribute to motor torque; however, 

40 the global current command signal remains a function 
only of position in the absence of non-linear behavior. 

Referring now to Fig. 1, a schematic functional 
block diagram of the control system and motor embod- 
ying the present invention is illustrated therein and gen- 

45 erally designated 50. A programmable read-only mem- 
ory (PROM) is utilized to store digital signals represent- 
ative of the shaft position dependent current character- 
istic information which in turn is utilized to determine the 
current command for each phase. The global current 

50 command signal is connected to an input 52 of a multi- 
plier circuit shown generally by the functional block dia- 
gram 54. The global current command signal may be 
used as an open-loop control signal for torque control 
directly as explained above, or in applications where the 

55 motor has an external control loop regulating the speed 
or some other function, the input at lead 52 is generally 
the error output signal of the external control. A second 
input 56 to the multiplier 54 receives a signal which is a 
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function of the global current compensation character- 
istic stored in a PROM table look-up designated gener- 
ally by the function block 58. The output 60 of the mul- 
tiplier 54 is inputted to a separate current controller as- 
sociated with each phase and generally represented by 
the dashedline box 62, 64 and 66, respectively in Fig. 
1 . The current controllers 62, 64 and 66 include a mul- 
tiplier represented by the functional block 68, 70 and 72, 
respectively. The output 60 of the multiplier 54 is con- 
nected to the input 1 30 of the multiplier 68, the input 1 32 
of the multiplier 70 and the input 1 34 of the multiplier 72. 

Each current controller 62, 64, 66 is substantially 
identical to one another apart from the associated phase 
winding of the motor that it drives. Accordingly, the cur- 
rent controller 62 is described with the understanding 
that its description applies also to current controllers 64 
and 66. The output 74 of the multiplier 68 is coupled to 
a summing circuit 76. The output 78 of the summing cir- 
cuit 76 is coupled to the input of a PWM regulation con- 
trol circuit shown generally by the function box 80. The 
output 82 of the PWM control circuit 80 is coupled to the 
inverter 84 which generates at its output 86 the motor 
phase winding driving current which has a magnitude 
and waveform in accordance with the desired compen- 
sation at the given shaft position of the motor 88. The 
output of the inverter 84 is also fed back to a second 
input 90 of the summing circuit 76 through the feedback 
loop 92 and is compared to the desired input signal at 
the output 74 of the multiplier 68 and in turn produces 
an error difference signal at the output 78 to drive the 
PWM control circuit 80 to achieve the desired current 
output from the inverter 84. 

The current controller 64 includes the output 94 of 
multiplier 70 coupled to summing circuit 96 the output 
98 of which is coupled to PWM regulation control circuit 
100. The output 102 of the PWM control circuit 100 is 
coupled to the inverter 1 04 upon whose output 106, the 
motor phase winding driving current excites the appro- 
priate phase of the motor 88 and is fed back to the input 
1 08 of the summing circuit 96 via the feedback loop 1 1 0. 

The current controller 66 includes the output 112 of 
multiplier 72 coupled to the summing circuit 114 whose 
output 11 6 is the difference signal between the input and 
the feedback signal at input 126 from the inverter 122 
output 1 24 via the feedback loop 128. 

A programmable read-only memory (PROM) 136 
stores information in a digital format and is representa- 
tive of the relative current amplitude characteristic as a 
function of rotor position. The rotor position of the motor 
88 may be sensed using well known techniques such 
as optica! or magnetic encoders which may be coupled 
directly to the shaft of the motor or may detect sensors 
on the shaft. Suffice for purposes of this disclosure that 
a signal representative of the angular shaft position of 
the motor is determined and provided on the feedback 
loop 138 for each angular shaft position for which it is 
desired to have an output. The output shaft encoded sig- 
nal is fed to an input 1 40 of the PROM 1 36 and functions 



as an input address to the PROM to access information 
stored in a corresponding location in memory for output 
to the multipliers. The PROM 1 36 has a first output 142 
coupled to the input 144 of the multiplier 68. A second 

s output 146 of the PROM 136 is connected to an input 
148 of the multiplier 70 and a third output 150 of the 
PROM 1 36 is connected to an input 1 52 of the multiplier 
72. It is possible to utilize a single PROM as illustrated 
in Fig. 1 due to the periodicity of the current amplitude 

10 function and the symmetries common in an electric mo- 
tor by generating one relative current amplitude function 
characteristic and shifting the look-up register storing 
the information by a predetermined factor for each 
phase being controlled. The PROM 136 may also have 

is sectionalized memory wherein the relative current am- 
plitude function characteristic for each phase is stored 
for subsequent retrieval and may differ from the other 
phases to compensate for any phase asymmetries or 
other factors. 

20 in instances where computation is required from in- 
stant-to-instant to determine the global current compen- 
sation function signal it is preferable, to provide efficient 
operation, to store the position dependent information 
in one place. The computation may be performed once 

25 at each time increment and the command current may 
be determined by multiplication at each time increment. 
As illustrated in the functional block diagram of Fig. 1, 
the global current compensation characteristic informa- 
tion is accessed, retrieved from memory and outputted 

30 to the multiplier 54 input 56 in accordance with the out- 
put shaft encoded signal supplied to the input 154 via 
the feedback loop 138. Additional inputs, generally des- 
ignated 156, may also be used in conjunction with the 
shaft encoded signal to access a different current com- 

35 pensation characteristic stored in the global current 
compensation PROM 58 to provide a compensation to 
reduce noise and torque ripple attributable to other 
sources and specifically identified operating conditions. 
In very simple cases where the required global cur- 

40 rent compensation characteristic is a function of rotor 
position only and not dependent on the current, the rel- 
ative current amplitude function value may be pre-mul- 
tiplied by the global current compensation value once 
and stored in a relative amplitude array in a memory de- 

45 vice for subsequent retrieval. In this case, separate stor- 
age for the global compensation command signal is not 
required. This alternate embodiment is readily apparent 
through simplification of the functional block diagram il- 
lustrated in Fig. 1 . 

so one method to determine the appropriate global 
current compensation value when there is dependence 
on variables in addition to shaft position is to interpolate 
from a multi-variable table stored in the PROM. For ex- 
ample, if the required compensation is a function of po- 

55 sition and speed only, a compensation versus position 
function characteristic can be stored for a different 
number of values of speed. For purposes of this disclo- 
sure, each such single speed function characteristic is 
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referred to as a "page" in memory. As the motor speed 
varies, the controller may step discretely from "page" to 
"page" generally with some computation hysteresis to 
preclude hunting between "pages". Alternatively, the 
controller may interpolate continuously between "pag- 
es*. Similar methods may be also used to determine var- 
iations of the global current compensation characteristic 
with respect to other variables of interest. 

The information to be stored in the PROM look-up 
tables defining the necessary compensation function at 
each desired shaft angular position may be determined 
either theoretically or empirically. The motor designer 
knows the motor torque per ampere versus angle char- 
acteristic of the motor in advance of the actual construc- 
tion of the motor. The characteristic may then be con- 
firmed after the motor is constructed or may be refined 
upon testing of the motor. The theoretical compensation 
values to be stored in the PROM look-up tables is gen- 
erally sufficient for many applications, however the the- 
oretical motor torque per ampere versus angle transfer 
function may be modified as necessary in accordance 
with a given application to generate different compen- 
sation values for storage in the PROM look-up table. 

Referring now to Figs. 4-9 in which a number of rep- 
resentative waveforms are illustrated and identified be- 
low, the method and apparatus of the present invention 
are further illustrated and the waveforms are the result 
of numerical simulations of the operation of the inven- 
tion. Fig. 4 illustrates a representative waveform of the 
back electromagnetic force (EMF) at a given motor 
speed. The back EMF waveform is used in tabular form 
as input data to the process of determining the relative 
current amplitude function. The table entries describing 
the back EMF waveform are thus that of a given motor 
and is generally representative of the back EMF in a per- 
manent magnet motor where the design goal is to max- 
imize the magnet-to-armature mutual flux. The back 
EMF waveform is generally designated 170 and as rec- 
ognized by those skilled in the art, it cannot be accurate- 
ly approximated by a single frequency sinusoidal func- 
tion. 

Fig. 5 shows a sinusoidal command current wave- 
form generally designated 172, which may be used to 
control the PWM inverter as described above. The cal- 
culated output of the response of the inverter circuit is 
illustrated by the waveform generally designated 174. It 
is seen that the pulse-by-pulse response of the inverter 
circuit represented by the waveform 174 tracks the si- 
nusoidal command current characteristic very closely 
and accordingly can be expected to accurately track the 
input command current control waveform signal. 

Referring to Fig. 6, a torque output waveform gen- 
erally designated 176 is illustrated and corresponds to 
the torque output that would be generated in accord- 
ance with the sinusoidal command current control wave- 
form signal illustrated in Fig. 5. It should be noted that 
the torque and power output waveform characteristic 
are identical apart from a scale factor. The torque output 



waveform (and power output waveform) exhibit a signif- 
icant ripple when the command current control wave- 
form signal is a sinusoidal function. 

Although there are a number of specific PWM logic 

s circuits and controls for inverter driver circuits, the ex- 
emplary illustration utilized in the numerical simulation 
scheme above contemplates a switch transition when- 
ever the absolute value of the output current exceeds 
the absolute value of the command current, which 

to scheme produces a bias in the low frequency current. 
The amplitude of the low frequency current is approxi- 
mately half the peak-to-peak value of the PWM ripple. 
The magnitude of the PWM ripple is a function of the 
output current and the difference between the back EMF 

is and the DC bus voltage used in the PWM logic circuit. 
The above factors, output current and back EMF, which 
determine the ripple amplitude are predetermined func- 
tions of angular shaft position and therefore the com- 
mand current signal may be modified by a value which 

20 is equal to the low frequency bias to produce an output 
current which more nearly approximates the desired si- 
nusoidal function without a bias. In the typical case of a 
motor with a non-sinusoidal back EMF it can be seen 
that a perfect single frequency sinusoidal current will not 

25 be the optimum waveform to reduce the torque ripple. 
The torque ripple and output power ripple can be 
reduced in accordance with the present invention by 
modifying the command current waveform as illustrated 
in Fig. 7. The modified command current waveform is 

30 generally designated 1 78 and the output pulse-by-pulse 
response of the inverter circuit is indicated generally by 
the response curve 180. The command current wave- 
form 178 is derived utilizing an algorithm such that the 
power output of each phase varies as a sine-squared 

35 function of time. The table entries for the reference com- 
mand current control waveform in the illustrated embod- 
iment are computed utilizing the equation: 

40 l com = P * sin2 ( Theta ) /V be m f 

wherein P is the peak power required from one phase 
and which power is 2/3 of the 3-phase average power; 
Theta is a pointer variable and advances uniformly from 
45 0 to 360 degrees as the rotor position advances through 
one electrical cycle; and V bemf is the value of the back 
EMF at the rotor position and corresponds to the given 
point value stored in the current command table of val- 
ues. 

so The resultant torque output waveform correspond- 
ing to the modified input command current waveform il- 
lustrated in Fig. 7 is illustrated in Fig. 8 and is generally 
designated 182. It can be seen that the ripple in the 
torque output waveform (also output power) is substan- 

5S tially reduced and that there is no torque ripple content 
at the frequency of the ripple as in the sinusoidal current 
command signal of Fig. 5. The remaining ripple, to the 
extent that there is any ripple, is generally attributal to 
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the PWM control circuit and occurs at the PWM frequen- 
cy. As is known to those skilled in the art, the remaining 
PWM ripple in the torque output can be substantially 
eliminated utilizing well known reduction methods. 

Referring now to Fig. 9, the torque output (power) 
waveform 176 of Fig. 6 and the torque output (power) 
waveform 182 of Fig. 8 are shown for comparison and 
illustrate that the magnitude of the output torque (power) 
achieved with the command current correction is less 
than the output torque (power) achieved with the sinu- 
soidal current command waveform. The corrected cur- 
rent command waveform 182 has a significantly lower 
root-mean-square value than the sine current waveform 
176. The command current waveform as modified with 
the present invention can be increased substantially 
without modification of the waveform to a magnitude 
which produces an average motor winding heating to be 
the same as in the sinusoidal command current illustra- 
tion and a comparison made between the output torque 
(power) will show that the output torque (power) is sub- 
stantially equivalent in both cases. 

It will be recognized by those skilled in the art that 
the above illustration based on a sine-squared function 
of time can be extended to a family of applications which 
have the property of zero net torque ripple. Additional 
functions of power versus time for each phase can be 
defined with the characteristic that the total 3-phase 
power is constant and the phase current can be com- 
puted as a function of the phase power using a similar 
method as described above. Accordingly, the sine- 
squared function is presented to facilitate understanding 
and explanation of the apparatus and method of the in- 
vention. 

In some applications, it may be necessary to define 
a compensation characteristic to provide greater preci- 
sion than is available from a theoretical compensation 
based on design criteria of the motor. For applications 
requiring greater precision, the theoretically determined 
compensation values may be used to obtain a first es- 
timate of a more precise compensation value. The motor 
is then operated and the resulting torque ripple is deter- 
mined and recorded. The theoretically determined com- 
pensation is then modified using the recorded torque rip- 
ple in place of the theoretically calculated torque ripple. 
The modified compensation values are then stored in 
the PROM and the process is repeated as necessary 
until convergence is reached. An additional alternate 
method to determine the global compensation function 
starts with a proposed compensating function which 
consists of a description of the electric motor torque rip- 
ple response as a mathematical function having the ap- 
propriate symmetry and periodicity characteristics and 
one or more initially unknown parameters. Such a math- 
ematical function might be for example a truncated Fou- 
rier series having a fundamental period of once per rev- 
olution or once per pole-pair passage. The motor is then 
operated to provide a baseline characteristic using the 
theoretically determined compensating function. The tri- 



al compensating function consists of the combination of 
the best known or determined compensating factors at 
the given point in time plus the effect of a predetermined 
small variation of one of the unknown parameters. The 
5 difference between the response to the best known 
compensation factors and the response to the trial com- 
pensating function can be attributed to the variation of 
the unknown parameter which is varied. The effect of 
different values of the unknown parameter under study 
10 is assumed to be linear and the best compensating val- 
ue for the parameter can be chosen. The resulting com- 
pensating function value is then used with the expectant 
result that the refined global compensation value result 
is better than the previous compensation function 
is known to this point. The foregoing process is repeated 
for each of the unknown parameters in the baseline 
characteristic set and the process is repeated until such 
time as the global compensation function yields motor 
operation where no systematic, position dependent 
torque ripple is observed. 

Thus far, the present invention has focused on re- 
ducing cyclic variation in shaft position dependent 
torque ripple. The above discussion of the present in- 
vention may also be applied to transform motor torque 
versus angle from its inherent characteristic to any other 
characteristic within the capability of the electric motor. 
For example, the motor can be used to compensate for 
variations in load torque which has a repeatable rela- 
tionship to shaft position. One example of a physical 
phenomena which may be compensated for using the 
technique of the present invention is the passage of a 
propeller blade by its strut. 

The present invention may also be used to alter oth- 
er significant outputs of the motor including cyclic in 
plane motion or cyclic axial motion. The motion to be 
compensated for or altered must have some depend- 
ence on the current amplitude and a cyclic dependence 
on shaft angles to utilize the technique of the present 
invention. Accordingly, various other motions depend- 
ent on shaft angle may be compensated for either indi- 
vidually or in combination with compensation for torque 
ripple. 

One method to define the table entries for the cur- 
rent command input signal in accordance with the gen- 
eral method of the invention as described above is illus- 
trated in the flowchart shown in Fig. 10. As illustrated, 
the method starts with a motor operating in its intended 
installation with a normal load and in accordance with a 
current command characteristic derived as discussed 
above and as represented by the function box generally 
designated 184. The motor is then operated at a con- 
stant speed and torque and a variable, such as for ex- 
ample a vibration, which is excited or energized by 
torque or other cyclic electromagnetic interaction in the 
motor is recorded. The torque signal is correlated with 
one of a number of basis functions such as sine and 
cosine functions at integer multiples of the shaft fre- 
quencies. The entries in the current command table are 
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then changed to provide a superposition of the original 
current command values with a component that produc- 
es a 3-phase torque which varies as one of the basis 
functions. The change in the current command value is 
represented by the function block 1 86 and the response s 
of the motor is again measured and correlated to the 
basis function with any change in response being attrib- 
uted to the change in the value of the entries in the look- 
up table. A set of functions which influence the motor 
response can be determined. In the case of sine and 10 
cosine basis functions, the change in the response will 
be predominantly in the sine and cosine function at the 
same frequency as the change in the values in the look- 
up table. When a sufficient number of functions which 
influence the response have been determined, the com- is 
mand current look-up table values can be computed and 
presumably provides an improved response. The meth- 
od illustrated in the flowchart of Fig. 10 utilizes the case 
of sinusoidal basis functions wherein the object is to 
eliminate from the response any component with a pe- 20 
riod equal to 2p/n. A number of iterations of the method 
can be done until no further improvement is required or 
until the noise or non-repeating factors render it impos- 
sible to determine the various individual components of 
the observed response. 25 

A further feature of the present invention relates to 
the ability to redefine the global current compensation 
values initially determined during the life of the electric 
motor and system within which the motor is utilized. 
Some changes in the system occur slowly over time for 30 
example cavitation erosion of a propeller or wear in a 
bearing which change the motor characteristic initially 
compensated for. Obviously, from a practical stand- 
point, there is a cost involved to retest and redetermine 
the values to be stored in the PROM look-up table. Ac- 35 
cordingly, the benefits to be gained must be evaluated 
against the cost involved in generating a new set of com- 
pensation values. 

40 

Claims 

1 . Apparatus for controlling torque and torque ripple in 
a multiple-phase permanent magnet axial-field mo- 
tor, said apparatus comprising: 45 

2. 

means for providing an input current signal rep- 
resentative of the electrical current required to 
cause the motor (88) to produce a desired 
torque output: so 
first memory means (136) for storing the sub- 
sequent retrieval a table of values correspond- 3. 
ing to a current amplitude factor at each of a 
number of angular shaft positions of the motor 
(88), said current amplitude factor defining for 55 
each of said number of angular shaft positions 
a multipliing factor to be applied to a second 
current command signal to produce a current 



regulation control signal at each of said number 
of angular shaft positions: 
first multiplier means (68, 70, 72) for multiplying 
said second current command signal by said 
current amplitude factor to generate said cur- 
rent regulation control signal, and 
means (62, 64, 66) for generating a driving cur- 
rent for each phase of the motor (88) in re- 
sponse to said current regulation control signal 
at each of said number of angular shaft posi- 
tions whereby the output torque of the motor 
(88) is at the desired magnitude and has a rip- 
ple free characteristic: 

said means (62, 64, 66) for generating a driving 
current comprising a PWM regulation control 
circuit (80, 100,118); 

second memory means (58) for storing for sub- 
sequent retrieval a table of values correspond- 
ing to a compensation factor at each of a 
number of angular shaft positions of the motor 
(88), said compensation factor defining for 
each of said number of angular shaft positions 
a modifying value to be applied to said input 
current signal to cause the motor (88) to pro- 
duce a substantially ripple free torque output; 
second multiplier means (54) for multipliing 
said input current signal by said modifying val- 
ue to produce said second current command 
signal; 

a summing circiut (76, 96, 114) having a frist 
input connected to an output (74, 94, 112) of 
said first multiplier means (68, 70, 72), and hav- 
ing an output (78, 98, 116) couplet to the input 
of said PWM regulation control circuit (80, 100, 
118); 

said PWM regulation control circuit (80, 100, 
118) having an output (82, 102, 120) couplet to 
an inverter (84, 104, 122) which generates at 
its output (86, 106, 124) the motor phase wind- 
ing drive current, and 

a feed back loop (92, 110, 128) connected to 
the output (86, 106, 124) of the inverter (84, 
104, 122) and to a second input (90, 108, 126) 
of said summing circuit (76, 96, 114). 

Apparatus for controlling torque and torque ripple 
as defined in claim 1 wherein said value of said 
compensation factor at each of said number of an- 
gular shaft positions is identified for at least one 
torque ripple source contributing to torque ripple. 

Apparatus for controlling torque and torque ripple 
as defined in claim 1 wherein the magnitude of each 
of said compensation factor values is stored in a 
corresponding memory location having an address 
dependent directly on the specific angular shaft po- 
sition of the motor (88) for which the position the 
compensation factor value is determined. 
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4. Apparatus for controlling torque and torque ripple 
as defined in claim 3 wherein the magnitude of each 
of said multiplying factor values is stored in a cor- 
responding memory location having an address de- 
pendent directly on the specific angular shaft posi- 5 
tion of the motor (88) for which position the multi- 
plying factor value is determined. 

5. Method for controlling torque and torque ripple in a 
multiple-phase permanent magnet axial-field mo- io 
tor, said method comprising the steps of: 

providing an input current signal representative 
of the electrical current required to cause the 
motor (88) to produce a desired torque output; is 
storing in a first memory device (136) for sub- 
sequent retrieval a table of values correspond- 
ing to a current amplitude factor at each of a 
number of angular shaft positions of the motor 
(88), said current amplitude factor defining for 20 
each of said number of angular shaft positions 
a multipliing factor to be applied to a second 
current command signal to produce a current 
regulation control signal at each of said number 
of angular shaft positions; 2s 
multiplying said second current command sig- 
nal by said current amplitude factor retrieved 
from said first memory device (1 36) to generate 
said current regulation control signal at each of 
said number of angular shaft positions, and so 
generating a driving current for each phase of 
the motor (88) in response to said current reg- 
ulation control signal at each of said number of 
angular shaft positions whereby the output 
torque of the motor (88) is at the desired mag- 35 
nitude and has a ripple free characteristic- 
storing in a second memory device (58) for stor- 
ing for subsequent retrieval a table of values 
corresponding to a compensation factor at 
each of a number of angular shaft positions of 40 
the motor (88), said compensation factor defin- 
ing for each of said number of angular shaft po- 
sitions a modifying value to be applied to said 
input current signal to cause the motor (88) to 
produce a substantially ripple free torque out- 45 
put; 

multipliing said input current signal by said 
modifying value at each of said number of an- 
gular shaft positions to produce said second 
current command signal; and so 
feed back said driving current at the output (86, 
106, 124) of the inverter (84, 104, 122) and to 
a second input (90, 108, 126) of said summing 
circuit (76, 96, 114) and comparing to said cur- 
rent regulation control signal at the output (74, 55 
94, 112) of said first multiplier means (68, 70, 
72) and in turn producing an error difference 
signta at the output (78, 98, 116) to drive the 



PWM control circuit (80, 100, 118) to achieve 
the desired current output from the inverter (84, 
104, 122). 



Patentanspruche 

1. Gerat zur Steuerung von Drehmoment und Dreh- 
momentschwankungen in einem Mehrphasen-Per- 
manentmagnet-Axialfeldmotor, wobei das genann- 
te Gerat umfasst 

Mittel zur Verfugbarmachung eines Eingangs- 
stromsignals, das demjenigen elektrischen 
Strom entspricht, der im Motor (88) ein ge- 
wunschtes Ausgangs-Drehmoment erzeugt; 
erste Speichermittel (136) zur Abspeicherung 
einer spater zu benutzenden Tabelle von Wer- 
ten von Strom-Amplitudenfaktoren fur jede ei- 
ner Anzahl von Rotor-Winkelstellungen des 
Motors (88), wobei der genannte Strom- Amp li- 
tudenfaktor fur jede der genannten Rotor-Win- 
kelstellungen einen Multiplikationsfaktor defi- 
niert, der auf ein zweites Stromregelungssignai 
angewendet wird, urn ein Stromregelungs- 
Kontrollsignal fur jede der genannten Anzahl 
der Rotor-Winkelstellungen zu erzeugen; 
erste Multiplikationsmittel (68, 70, 72) zur Mul- 
tiplication des genannten zweiten Stromrege- 
lungssignals mit dem genannten Strom-Amp li- 
tudenfaktor zur Erzeugung des genannten 
Stromregelungs-Kontrollsignals; sowie 
Mittel (62, 64, 66) zur Erzeugung eines Treiber- 
stromes fur jede Phase des Motors (88) in Re- 
aktion auf das genannte Stromregelungs-Kon- 
trollsignal bei jeder der genannten Anzahl der 
Rotor-Winkelstellungen, derart dass das Aus- 
gangs-Drehmoment des Motors (88) die ge- 
wunschte Grosse und eine schwankungsfreie 
Charakteristik aufweist, 
wobei die genannten Mittel (62, 64, 66) zur Er- 
zeugung eines Treiberstroms einen PWM 
(Pulsweitenmodulations)-Regelungs-Kontroll- 
kreis (80, 100, 118) umfassen; 
zweite Speichermittel (58) zur Abspeicherung 
einer spater abzulesenden Tabelle von Werten 
entsprechend Kompensationsfaktoren fur jede 
einer Anzahl von Rotor-Winkelstellungen des 
Motors (88), wobei der genannte Kompensati- 
onsfaktor fur jede der genannten Rotor-Win- 
kelstellen einen Modifikationswert zur Anwen- 
dung auf das genannte Eingangsstromsignal 
definiert, zwecks Erzeugung eines im wesent- 
lichen schwankungsfreien Ausgangsdrehmo- 
mentes des Motors (88); 
zweite Multiplikationsmittel (54) zur Multiplika- 
tion des genannten Eingangsstromsignals mit 
dem genannten Modifikationswert, zur Erzeu- 
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gung des genannten Stromregelungssignals; 
eine Summationsschaltung (76, 96, 114), de- 
ren erster Eingang mit einem Ausgang (74, 94, 
112) der genannten ersten Multiplikationsmittel 
(68, 70, 72) verbunden ist, und die einen Aus- 5 
gang (78, 98, 116) besitzt, der an den genann- 
ten PWM-Regelungs-Kontrollkreis (80, 100, 
118) angekoppelt ist; 

wobei der genannte PWM-Regelungs-Kontroll- 
kreis (80, 100, 118) einen Ausgang (82, 102, 10 
120) besitzt, der mit einem Inverter (84, 104, 
122) gekoppelt ist, welcher an seinem Ausgang 
(86, 106, 124) den Motorphasenwicklungs- 
Treiberstrom erzeugt; und 
eine Ruckkopplungsschleif e (92, 1 1 0, 1 28), die is 
mit dem Ausgang (86, 106, 124) des Inverters 
(84, 110, 122) und einem zweiten Eingang (90, 
108, 126) der Summationsschaltung (76, 96, 
114) verbunden ist. 

20 

2. Gerat zur Steuerung von Drehmoment und Dreh- 
momentschwankungen nach Patentanspruch 1, in 
welchem der genannte Wert des genannten Kom- 
pensationsfaktors fur jede der genannten Anzahl 
der Rotor-Winkelstellungen fur mindestens eine zur 25 
gesamten Drehmomentschwankung beitragende 
Quelle von Drehmomentscnwankungen identifiziert 

ist. 

3. Gerat zur Steuerung von Drehmoment und Dreh- 30 
momentschwankungen nach Patentanspruch 1, in 
welchem die Grosse jedes der genannten Kompen- 
sationsfaktoren auf einem entsprechenden Spei- 
cherplatz gespeichert ist, dessen Adresse direkt 
von der spezifischen Rotor-Winkelstellung des Mo- 35 
tors, fur welche der Kompensationsfaktor bestimmt 

ist, abhangig ist. 

4. Gerat zur Regelung von Drehmoment und Drehmo- 
mentscnwankungen nach Patentanspruch 3, in 40 
welchem die Grosse jedes der genannten Multipli- 
kationsfaktoren auf einem entsprechenden Spei- 
cherplatz gespeichert ist, dessen Adresse direkt 
von der spezifischen Rotor-Winkelstellung des Mo- 
tors (88), fur welche der Multiplikationsfaktor be- *s 
stimmt ist, abhangig ist. 

5. Verfahren zur Steuerung von Drehmoment und 
Drehmomentschwankungen in einem Mehrpha- 
sen-Permanentmagnet -Axialfeldmotor, mit den 50 
Schritten 

der Verfugbarmachung eines Eingangsstrom- 
signals, das demjenigen elektrischen Strom 
entspricht, der im Motor (88) ein gewunschtes 55 
Ausgangs-Drehmoment erzeugt; 
des Abspeichems in einem ersten Speicher 
(136), zum Abspeichem einer spater zu benut- 



zenden Tabelle von von Werten, die den Strom- 
Amplitudenfaktoren fur jede einer Anzahl von 
Rotor-Winkelstellungen des Motors (88) ent- 
sprechen, wobei der genannte Strom-Amplitu- 
denfaktor fur jede der genannten Anzahl der 
Rotor-Winkelstellungen einen Multiplikations- 
faktor definiert, der bei Anwendung auf ein 
zweites Stromregelungssignal der Erzeugung 
eines Stromregelungs-Kontrollsignals fur jede 
der genannten Rotor-Winkelstellungen dient; 
der Multiplikation des genannten zweiten 
Stromregelungssignals mit dem genannten 
Stromamplitudenfaktor, der aus dem genann- 
ten ersten Speicher (136) entnommen wird, zur 
Erzeugung des genannten Stromregelungs- 
Kontrollsignals fur jede der genannten Anzahl 
der Rotor-Winkelstellungen, sowie 
der Erzeugung eines Treiberstromes fur jede 
Phase des Motors (88) in Reaktion auf das ge- 
nannte Stromregelungs-Kontrollsignal fur jede 
der genannten Anzahl der Rotor-Winkelstellun- 
gen, wobei das Ausgangsdreh moment des Mo- 
tors (88) einen gewunschten Wert und eine 
schwankungsfreie Charakteristik besitzt; 
des Abspeichems einer Tabelle von Werten 
zwecks spaterer Benutzung, die den Kompen- 
sations-Faktoren fur jede einer Anzahl von Ro- 
tor-Winkelstellungen des Motors (88) entspre- 
chen, wobei der genannte Kompensationsfak- 
tor fur jede der genannten Anzahl der Rotor- 
Winkelstellungen einen Modifikationswert defi- 
niert, der bei Anwendung auf das genannte Ein- 
gangsstromsignal bewirkt, dass der Motor (88) 
ein im wesentlichen schwankungsfreies Aus- 
gangs-Drehmoment erzeugt; 
der Multiplikation des genannten Eingangs- 
strom-Signals mit dem genannten Modifikati- 
onswert bei jeder der genannten Anzahl der 
Rotor-Winkelstellungen, zwecks Erzeugung 
des genannten zweiten Stromregelungssi- 
gnals; und 

der Ruckkopplung des genannten Treiber- 
stroms vom Ausgang (86, 106, 124) des Inver- 
ters (84, 104, 122) und zu einem zweiten Ein- 
gang (90, 108, 126) einer Summationsschal- 
tung (76, 96, 114) und dem Vergleich mit dem 
genannten Stromregelungs-Kontrollsignal am 
Ausgang (74, 94, 112) von ersten Multiplikati- 
onsmitteln (68, 70, 72), sowie derfolgenden Er- 
zeugung eines Abweichungs-Differenzsignals 
am Ausgang (78, 98, 116) zur Steuerung des 
PWM-Kontrollschaltkreises (80, 100, 118) 
zwecks Erzielung des gewunschten Strom- 
Ausgangswertes am Inverter. 



11 



21 



EP 0 564 608 B1 



22 



Revendlcations 

1. Appareil pour le controle de la torque et des varia- 
tions de la torque dans un moteur a phases multi- 
ples avec un champ magnetique axial permanent, s 
cet appareW comportant 

- des moyens pour mettre a disposition un signal 
de courant d'entree representant le courent 
electrique requis pour la production d'une tor- 10 
que desiree par le moteur (88); 
des premiers moyens de memoire (136) pour y 
stocker, en vue d'une recuperation subsequen- 
te, un tableau de valeurs qui correspondent aux 
facteurs de ('amplitude du courent pour chacu- is 2. 
ne d'un nombre de positions angulaires du rotor 
du moteur (88), ledit facteur de ('amplitude du 
courent definissant ainsi pour chacune dudit 
nombre des positions angulaires du rotor un 
facteur multiplicatif a appliquer a un deuxieme 20 
signal de commande de courant, afin de pro- 
duce un signal de reglage de courent a chacu- 
ne dudit nombre de positions angulaires du ro- 3. 
tor; 

des premiers moyens de multiplication (68, 70, 25 
72) pour multiplier ledit deuxieme signal de 
commande de courant afin de generer ledit si- 
gnal de reglage de courant, ainsi que 
des moyens (62, 64, 66) pour generer un cou- 
rant pilote pour chaque phase du moteur (88) 30 
en reponse audit signal de reglage de courant 
a chacune dudit nombre de positions angulai- 4. 
res du rotor, tout en maintenant la torque du 
moteur (88) a une valeur desiree et ayant une 
caracteristique sans variations; 35 
lesdits moyens pour generer le courant pilote 
comportant un circuit de reglage PMW ('pulse 
width modulation') (80, 100, 118); 
des deuxiemes moyens de memoire (58) pour 
y stocker, en vue d'une recuperation subse- 40 
quente, un tableau de valeurs correspondant 5. 
aux facteurs de compensation pour chacune 
d'un nombre de positions angulaires du rotor 
du moteur (88); ledit facteur de compensation 
definissant ainsi pour chacune dudit nombre de *s 
positions angulaires du rotor une valeur de mo- 
dification a appliquer audit signal de courrent 
d'entree, afin de causer la generation d'une tor- 
que essentiellement sans variations par le mo- 
teur (88); so 
des deuxiemes moyens (54) de multiplication 
pour multiplier ledit signal de courant d'entr6e 
par ladite valeur de modification pour generer 
ainsi ledit deuxieme signal de commande de 
courant; ss 
un circuit additionneur (76, 96, 114) ayant une 
premiere entree connected a une sortie (74, 94, 
112) desdits premiers moyens de multiplication 



(68, 70, 72) et ayant une sortie (78, 90, 116) 
couplee a I'entre'e dudit circuit de reglage PWM 
(80, 100, 118); 
- ledit circuit de reglage PMW (80, 100, 118) 
ayant une sortie (82, 102, 120) couplee a un 
invertisseur (84, 104, 122) qui genere asa sor- 
tie (86, 106,124) le courant pilote pour le bobi- 
nage de phase du moteur (88), et 
un circuit de contre-reaction (92, 110,1 28) con- 
nects a la sortie (86, 106, 126) de I'invertis- 
sueur (84, 104, 122) et a la deuxieme entree 
(90, 108, 126) dudit circuit additionneur (76, 96, 
114). 

Appareil pour (e controle de la torque et des varia- 
tions de la torque selon la revendication 1, dans le- 
quel ladite valeur dudit facteur de compensation 
pour chacune dudit nombre de positions angulaires 
du rotor est identifiee pour au moms une source de 
variations de torque contribuant a la variation totale 
de la torque. 

Appareil pour le contrSle de la torque et des varia- 
tions de la torque selon la revendication 1 , dans le- 
quel la grandeur de chacune desdits facteurs de 
compensation est stockee dans une cellule de me- 
moire correspondante, ayant une adresse depen- 
dant directement de la position angulaire specif ique 
du rotor du moteur (88), position pour laquelle le 
facteur de compensation est determine. 

Appareil pour le controle de la torque et des varia- 
tions de la torque selon la revendication 3, dans le- 
quel la grandeur de chacune desdites valeurs du 
facteur de multiplication est stockee dans une cel- 
lule de memoire correspondante, ayant une adres- 
se dependant directement de la position angulaire 
specifique du rotor du moteur (88), position pour la- 
quelle le facteur de multiplication est determine. 

Methode pour le controle de la torque et des varia- 
tions de la torque dans un moteur a phases multi- 
ples avec un champ magnetique axial permanent, 
ladite methode comportant les pas 

de:mise a disposition d'un signal de courent 
d'entree, representant le courent electrique re- 
quis pour causer la production d'une torque de- 
siree par le moteur (88), 
de stockage dans des premiers moyens de me- 
moire (1 38), pour une recuperation subsequen- 
te, d'un tableau de valeurs correspondant a un 
facteur d'amplitude de courant pour chacune 
du nombre de positions angulaires du rotor du 
moteur (88), ledit facteur d'amplitude de cou- 
rant definissant ainsi pour chacune dudit nom- 
bre de positions angulaires du rotor un facteur 
de multiplication a appliquer a un deuxieme si- 
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gnal de commande de courant. afin de produire 
un signal de reglage de courant pour chacune 
dudit nombre de positions angulaires du rotor; 
de multiplication dudit deuxieme signal de com- 
mande de courant avec ledit facteur d'amplitu- 5 
de r6cup6r6 desdits premiers moyens de m6- 
moire (136) afin de gSnerer ledit signal de re- 
glage de courant k chacune dudit nombre de 
positions angulaires du rotor et 
de generation d'un courant pilote pour chaque 10 
phase du moteur (88) en reponse audit signal 
de rdglage de courant pour chacune dudit nom- 
bre de positions angulaires du rotor, tout en 
maintenant la torque du moteur (88) k la valeur 
d6sir6e et ayant une caracteristique sans va- is 
riations; 

de stockage dans des premiers moyens de m6- 
moire (58), pour une recuperation subsequen- 
te, d'un tableau de valeurs correspondant k un 
facteur de compensation pour chacune d'un 20 
nombre de positions angulaires du rotor du mo- 
teur (88), ledit facteur de compensation delinis- 
sant ainsi pour chacune dudit nombre de posi- 
tions angulaires du rotor une valeur de modifi- 
cation k appliquer audit signal de courent d'en- 25 
tree afin de causer la production d'une torque 
essenrtiellement sans variations par le moteur 
(88); 

de multiplication dudit signal de courant d'en- 
tree avec ladite valeur de modification pour 30 
chacune des positions angulaires du rotor afin 
de generer ledit deuxieme signal de commande 
de courant; et 

de contre -reaction dudit courant pilote de la 
sortie (86, 106, 124) de I'invertisseur (84, 104, 35 
1 22) vers la deuxieme entrde (90, 1 08, 1 26) du- 
dit circuit additionneur (76, 96, 114) et de com- 
paraison avec ledit signal de rentage de cou- 
rant a la sortie (74, 94, 112) desdits premiers 
moyens de multiplication (68, 70, 72), g6n6rant 40 
ainsi un signal de difference (signal d'erreur) a 
la sortie (78, 98, 116) pour pour pilkoter le cir- 
cuit de contrdle PWM (80, 100, 118) afin d'at- 
tendre le courant d6sir6 k la sortie de I'invertis- 
seur (84, 104, 122). 45 
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Initial Current 
Command 
(Produces a Reasonable 
Torque vs Angle) 



I84 

j 



System 



Observed Response M (9) 



A=^J^I(e)sin(ne)d0 
B = ^J^K8)cos(ne) dG 



Perturbation Current 
Command Table 1 
Produces 

T=ATsin(n0) 



186 



System 



Observed Response 
M'(Q) 



(Bsin(nB)de 



B ' s ®Jo ' Bcos(n0)de 



AA = A'-A 
AB=B'-B 

4>=tan-'|| 



Modify Current Command to be 
Original Command 
Plus 

Command to Produce 



2 2 

T' = -^H V^ sintne-S) 

fig. io 
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